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Abstract
Background: Previous study has demonstrated that dietary taurine supplement protected rats
from impairments of synaptic plasticity induced by postnatal lead exposure. However, little is
known about the role of taurine in the presence of prenatal and perinatal lead exposure. We
investigated the possible effect of taurine supplement on prenatal and perinatal lead-induced
synaptic plasticity deficit and determined developmental periods critical for the effect of taurine.
Results: In the present study, taurine was administrated to prenatal and perinatal lead-exposed
rats in different developmental periods: from prenatal to weaning (Lead+PW-Tau), from weaning
to life (Lead+WL-Tau), and from prenatal to life (Lead+PL-Tau). We examined the input-output (I/
O) function, paired-pulse facilitation (PPF) and the long-term potentiation (LTP) of field excitatory
postsynaptic potential (fEPSP) in the hippocampal CA1 area of rats on postnatal days 18–25 (P18–
25) or days 60–75 (P60–75). We found that (1) on P18–25, taurine had no evident effect on I/O
functions and PPF ratios of lead-exposed rats but caused a 12.0% increase in the LTP amplitudes of
these animals; (2) on P60–75, taurine significantly elevated lead depressed I/O functions and PPF
ratios in Lead+PW-Tau and Lead+PL-Tau rats, but failed in Lead+WL-Tau rats. The amplitudes of
LTP of lead-exposed rats were all significantly increased by additional taurine supplement in any
developmental period compared with untreated rats. Thus, taurine appeared to have the most
effect during the prenatal and lactation periods and its effects on younger rats would not be
manifest until the adult life; and (3) the level of lead deposition in hippocampus was evidently
reduced by additional treatment of taurine in lead-exposed rats, compared with untreated rats.
Conclusion:  Taurine supplement can protect the adult rats from synaptic plasticity deficits
following prenatal and perinatal lead exposure, and the protective effects are critical for the
prenatal and lactation periods of lead-exposed rats.
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Background
Lead is a well-known environmental toxicant that induces
mental impairments in children and adolescents [1-4].
Whereas the cellular mechanisms underlying the manifes-
tation of lead-induced neurotoxicity remained elusive,
alterations in the properties of glutamatergic, cholinergic,
and dopaminergic neurotransmitters function and signal
transduction have been reported [5,6]. Besides, it is well
documented that the induction, expression, and mainte-
nance of long-term potentiation (LTP), a principal exper-
imental model used to study the role of synapses in
learning and memory, are impaired in hippocampal den-
tate gyrus (DG) and CA1 regions of animals exposed to
lead [7-11].
Taurine is an endogenous amino acid and is present at
concentrations second only to those of glutamate in the
mammalian central nervous system [12,13]. The essential
roles of this amino acid in development, osmoregulation,
and survival of neurons are well documented [14-16]. In
addition, some studies have proposed that taurine can
protect neural cells in some pathological conditions. For
instance, taurine attenuates Ca2+ influx and blocks the
excitatory neurotoxical cascades evoked by ischemia and
hypoxia [17-21]. Moreover, taurine protects against lead-
induced deficits of LTP in the DG areas of rats [22].
Recently, several clinical studies investigated the effects of
low-level prenatal and perinatal lead exposure on intellec-
tual development in children and found that mater-
derived lead exposure would have a more powerful and
lasting impact on neurobehavioral development of off-
spring than postnatal exposure [23-27]. Actually, even
very low level of maternal blood lead (10 µg/dL) may
induce intelligence quotient changes in the child [2]. The
vulnerability of the fetal brain to the lead toxicity at least
partly results from the immature blood brain barrier
(BBB) and the absence of tissue protein complexes that
can sequester lead [28].
By using electrophysiological methods, our previous
results showed that dietary taurine supplement protected
rats from the impairments of synaptic plasticity induced
by postnatal lead exposure [22]. However, little is known
about the possible role of taurine in the presence of fetal
lead exposure. In addition, no studies have evaluated the
developmental periods that are critical for proper protec-
tion from synaptic plasticity deficits in the rat pups with
prenatal and perinatal lead exposure. To investigate the
protective role of taurine in different developmental peri-
ods and to understand how this amino acid interacts with
lead, we conducted the experiments with hippocampal
slices and found that taurine was an effective drug to pro-
tect rats from synaptic plasticity deficits following prena-
tal and perinatal lead exposure. In addition, our data
indicated that taurine supplement during the prenatal and
lactation periods appeared to have the most potent pro-
tection against synaptic plasticity deficits in the adult rats
that had lead exposure during the fetal and neonatal age.
Results
Lead concentrations in hippocampus
Lead concentrations in hippocampi of the dams in differ-
ent developmental periods of postnatal days 18–25 (P18–
25) and days 60–75 (P60–75) are listed in Table 1 and
Table 2 respectively. In both developmental periods, there
were significant differences in lead concentrations
between Con and Lead groups (in both periods, p < 0.01),
but no significant differences were found between Con
and Con+Tau groups (in both periods, p > 0.05). At the
age of P18–25 days (Table 1), lead concentration in
Lead+PW-Tau group was significantly decreased relative
to the lead-only group, and statistically indistinguishable
from that of Con group (p > 0.05). At the age of P60–75
(Table 2), the lead levels in hippocampi of three lead-
exposed groups with additional taurine supplements were
significantly lower than that of Lead group (Lead+PW-
Tau: p < 0.01; Lead+WL-Tau: p < 0.05; Lead+PL-Tau: p <
0.01). No evident differences were found among
Lead+PW-Tau, Lead+PL-Tau and Con groups (p > 0.05).
These results demonstrate that 0.625% taurine supple-
ment in any of developmental periods significantly
reduced the concentration of lead in the brain. In
Lead+WL-Tau group, however, the lead concentration was
still significantly higher than that of Con group (p < 0.05).
P18–25 groups
Effect of taurine on I/O functions
To determine the effect of taurine on basal synaptic trans-
mission in the CA1 region, we first examined the input/
output (I/O) functions before the induction of LTP. The I/
O curves of Con, Con+Tau, Lead and Lead +PW-Tau
Table 1: Lead concentration in the hippocampus of P18–25 rats
Groups Con (n = 8) Lead (n = 10) Con+Tau (n = 8) Lead+PW-Tau (n = 7)
Lead concentration in 
hippocampus(µg/g)
0.357 ± 0.118 1.237 ± 0.554a 0.480 ± 0.148 0.654 ± 0.144b
All the values are expressed as mean ± SEM; the number of experiments is shown in brackets (n =); a significantly different from Con group (p < 
0.01); b significantly different from Lead group (p < 0.05) and statistically indistinguishable from Con group (p > 0.05). One-way ANOVA with the 
Bonferroni post hoc test were used for statistical analysis.BMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
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groups at age of P18–25 days are presented in Fig. 1A. We
found that the field excitatory postsynaptic potential
(fEPSP) slope was significantly depressed in Lead group
compared with that of Con group (Lead: n = 9; Con: n =
11, p < 0.01), indicating that the mater-derived lead expo-
sure had an effect on the baseline synaptic transmission in
the CA1 area of the hippocampus. However, there was no
significant difference between Con and Con+Tau groups
(Con+Tau: n = 9, p > 0.05). We next investigated the effect
of taurine on lead-exposed pups and no significant differ-
ence in I/O functions was found between Lead and
Lead+PW-Tau groups (Lead+PW-Tau: n = 10, p > 0.05).
Effect of taurine on PPF
To study the action of taurine on short-term synaptic plas-
ticity, we next examined the paired-pulse facilitation
(PPF) ratio by measuring fEPSP response to two stimuli
delivered at short inter-stimulus intervals (ISIs) from 10
to150 ms (Fig. 1C) and the waveform changes are
depicted in Fig. 1B. As shown in Fig. 1C, the average peak
facilitation was significantly lower in Lead group than that
in Con group (Lead: 160.5 ± 14.4%, ISI = 40 ms, n = 9;
Con: 190.4 ± 8.3%, ISI = 40 ms, n = 11; p < 0.01). We also
found that taurine supplement with the coexistence of
lead did not significantly alter the PPF ratio of Lead group
at the age of P18–25 days, although it appreciably
increased the peak facilitation of Lead group from 160.5 ±
14.4% to 166.3 ± 12.7% in Lead+PW-Tau group
(Lead+PW-Tau group: ISI = 50 ms, n = 10; p > 0.05). On
the other hand, the average peak facilitation of the control
rats was significantly decreased from 190.4 ± 8.3% to
148.8 ± 6.8% by taurine application to the intact fetus
(Con+Tau: 148.8 ± 6.8%, ISI = 50 ms, n = 9; p < 0.01).
Effect of taurine on LTP
Fig. 2 illustrates LTP in four P18–25 groups. After 20-min
baseline fEPSP recording, a high frequency stimulus (HFS,
100 Hz, 1 sec) was applied to induce LTP; fEPSPs were
recorded for more than 60 minutes after HFS. Fig. 2A
shows the waveform alterations before and after LTP
induction in P18–25 Con, Con+Tau, Lead and Lead+PW-
Tau groups, respectively. Fig. 2B shows the amplitudes of
LTP in these four groups. Notably, LTP was reduced to
122.6 ± 9.6% in Lead group compared with 175.1 ± 7.6%
in Con group (p < 0.01). There was no significant change
in the amplitudes of LTP between control and control
with a taurine supplement groups (Con: 175.1 ± 7.6%, n
= 9; Con+Tau: 181.1 ± 8.3%, n = 8; p > 0.05). However,
significant difference was found between Lead and Lead
+PW-Tau groups (Lead: 122.6 ± 9.6%, n = 8; Lead +PW-
Tau: 137.3 ± 5.3%, n = 9; p < 0.01). In fact, with a taurine
supplement throughout prenatal and lactation periods,
the LTP amplitude of lead-exposed group with taurine
supplement was 12.0% higher than that of the lead
exposed pups without any taurine supplement (p < 0.01),
but still lower than that of the controls (p < 0.01). These
results suggest that, whereas taurine protected the lead-
induced impairment of LTP in the CA1 area to some
extent, it can not entirely reverse the lead-induced depres-
sion shortly after the coexistence with lead.
P60–75 groups
Effect of taurine on I/O functions
As shown in Fig. 3A, the fEPSP slope in Lead group was
significantly decreased compared with that in Con group
(Lead: n = 9; Con: n = 9; p < 0.01). This suggests that lead
exposure during the prenatal and perinatal periods may
induce a further depression on baseline synaptic transmis-
sion in the CA1 area. Consistent with the results obtained
in younger groups, no significant difference in stimulus-
response curves was found between the P60–75 Con and
Con+Tau groups (Con+Tau: n = 8, p > 0.05), indicating
that the I/O functions of grown-up control rats were not
affected by taurine supplement. Fig. 3B illustrates the
effects of taurine on I/O functions of three lead-exposed
groups with dietary taurine supplements. Compared with
that of Lead, the stimulus-response curves of fEPSP slope
in these three follow-up groups were all significantly
increased by taurine administrations (Lead+PW-Tau: n =
9, p < 0.01; Lead+PL-Tau: n = 9, p < 0.01; Lead+WL-Tau: n
= 10, p < 0.01). However, no evident differences in stimu-
lus-response curves were found among the former two
groups and Con group (p > 0.05). As to the Lead+WL-Tau
group, the stimulus-response curve was significantly
lower than that of Con group (p < 0.05), indicating the
least augment of I/O function. This result demonstrates
Table 2: Lead concentration in the hippocampus of P60–75 rats




0.249 ± 0.096 1.514 ± 0.64a 0.249 ± 0.143 0.475 ± 0.129b 0.929 ± 0.094c 0.502 ± 0.148b
All the values are expressed as mean ± SEM; the number of experiments is shown in brackets (n =); a significantly different from Con group (p < 
0.01); b significantly different from Lead group (p < 0.01) and statistically indistinguishable from Con group (p > 0.05); c significantly different from 
Lead (p < 0.01), Con (p < 0.01), Lead+PW-Tau (p < 0.05) and Lead+PL-Tau groups(p < 0.05). One-way ANOVA with the Bonferroni post hoc test 
were used for statistical analysis.BMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
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The effects of taurine on LTP induction in P18–25 groups Figure 2
The effects of taurine on LTP induction in P18–25 groups. 
(A) Representative traces were recorded of field excitatory 
postsynaptic potentials (fEPSPs) before (a) and 60 min after 
(b) HFS in Con, Con+Tau, Lead and Lead+PW-Tau slices. (B) 
LTP was induced by stimulation at 100 Hz for 1 sec. For the 
sake of clarity, points are plotted every 3 min here and in 
subsequent LTP figures. The amplitude in the Lead group was 
depressed compared with that of Con group (p < 0.01). 
There was no significant difference in LTP amplitude between 
Con and Con+Tau groups (p > 0.05). The LTP amplitude in 
Lead+PW-Tau group was 12.0% higher than that of Lead 
group (p < 0.01) but still lower than that of controls (p < 
0.01). (C) Histogram showing mean ± SEM percentage of 
fEPSP slope in 40–60 min normalized to the baseline 
response after HFS in Con, Con+Tau, Lead and Lead+PW-
Tau subjects (Con: 175.1 ± 7.6%, n = 9; Con+Tau: 181.1 ± 
8.3%, n = 8; Lead: 122.6 ± 9.6%, n = 8; Lead +PW-Tau: 137.3 
± 5.3%, n = 9). *p < 0.01, versus Con group. **p < 0.01, ver-
sus Lead group and p<0.01, versus Con group. One-way 
ANOVA with the Bonferroni post hoc test were used for sta-
tistical analysis.
The effects of taurine on I/O functions and PPF in P18–25  groups Figure 1
The effects of taurine on I/O functions and PPF in P18–25 
groups. (A) The I/O curve was significantly depressed in Lead 
group compared with that of Con group (Lead: n = 9, Con: n 
= 11, p < 0.01). There was neither significant difference in I/
O function between Con and Con+Tau groups (Con+Tau: n 
= 9, p > 0.05), nor a significant difference in I/O function 
between Lead and Lead+PW-Tau groups (n = 10, p > 0.05). 
(B) Representative traces of PPF at 40 ms ISIs in the four 
groups. (C) The PPF curves at varying from 10–150 ms in dif-
ferent groups. The average peak facilitation was significantly 
lower in Lead group than that in Con group (Lead: ISI = 40 
ms, n = 9; Con: ISI = 40 ms, n = 11; p < 0.01). Moreover, the 
Lead+PW-Tau group showed an insignificant augment com-
pared with the Lead group (Lead+PW-Tau: ISI = 50 ms, n = 
10; p > 0.05), but an evident reduction versus Con group (p 
< 0.01). The peak facilitation of the Con+Tau was signifi-
cantly lower than that of controls (Con+Tau: ISI = 50 ms, n = 
9; p < 0.01). The average peak facilitation was 190.4%, 
148.8%, 160.5% and 166.3% in the Con, Con+Tau, Lead and 
Lead+PW-Tau groups, respectively. One-way ANOVA with 
the Bonferroni post hoc test were used for statistical analysis.BMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
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The effects of taurine on I/O functions and PPF in P 60–75 groups Figure 3
The effects of taurine on I/O functions and PPF in P 60–75 groups. (A) The fEPSP slope in Lead group was significantly 
decreased compared with that in Con group (Lead: n = 9; Con: n = 9; p < 0.01). No significant difference in I/O function was 
found between Con and Con+Tau groups (Con+Tau: n = 8, p > 0.05). (B) The I/O curves in three taurine supplemented 
groups were significantly increased relative to Lead group (Lead+PW-Tau: n = 9, p < 0.01; Lead+PL-Tau: n = 9, p < 0.01; 
Lead+WL-Tau: n = 10, p < 0.01). No evident differences in I/O function were found among Lead+PW-Tau, Lead+PL-Tau and 
Con groups (p > 0.05). However, the I/O curve in Lead+WL-Tau group differed significantly from that of Con group (p < 0.05). 
(C) Representative traces of PPF at 40-ms ISI in the six groups. (D) The PPF curve at varying from 10–150 ms in each group. 
The mean peak facilitation was 12.6% lower in Lead than that in Con group (Lead: 139.8 ± 9.7%, ISI = 40 ms, n = 8; Con: 159.2 
± 8.1%, ISI = 50 ms, n = 11; p < 0.01). A significant decrease of peak facilitation in Con+Tau was observed compared with Con 
group (Con+Tau: 143.6 ± 7.8%, ISI = 40 ms, n = 9; p < 0.01). (E) The peak facilitation ratios in Lead+PW-Tau and Lead+PL-Tau 
groups were evidently enhanced compared with the Lead (Lead+PW-Tau: 166.7 ± 8.5%, ISI = 40 ms, n = 9, p < 0.01; Lead+PL-
Tau: 159.3 ± 7.5%, ISI = 40 ms, n = 9, p < 0.01), but were statistically indistinguishable from that of Con group (p > 0.05). In 
contrast, the PPF in Lead+WL-Tau group remained as low as that in Lead group (Lead+WL-Tau: 137.0 ± 8.3%, ISI = 40 ms, n = 
10; Lead: 139.8 ± 9.7%, ISI = 40 ms, n = 8; p > 0.05) and differed significantly from that of Con group (p < 0.01). One-way 
ANOVA with the Bonferroni post hoc test were used for statistical analysis.BMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
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that taurine supplement from weaning till life did not
reverse the lead-induced impairment of baseline synaptic
transmission.
Effect of taurine on PPF functions
On P60–75 days, the mean peak facilitation of lead-
exposed rats was 12.6% lower than that of Con group
(Lead: 139.8 ± 9.7%, ISI = 40 ms, n = 8; Con: 159.2 ±
8.1%, ISI = 50 ms, n = 11; p < 0.01), indicating a lasting
effect of prenatal and perinatal lead exposure on short-
term synaptic plasticity (Fig. 3D). We also investigated the
effects of taurine on the control rats. Consistent with the
results in younger groups, a significant decrease in the
peak facilitation in Con+Tau was observed compared with
Con group (Con+Tau: 143.6 ± 7.8%, ISI = 40 ms, n = 9; p
< 0.01; Fig. 3D). This result suggests that, for experimental
animals under normal conditions, the additional taurine
intake may exert some adverse effects on synaptic facilita-
tion. To further determine the developmental periods that
are critical for protecting against lead-induced deficits in
short-term synaptic plasticity, we analyzed the PPF of
three follow-up groups and the PPF of fEPSP slope in Con,
Lead, Lead+PW-Tau, Lead+WL-Tau and Lead+PL-Tau
groups are all demonstrated (Fig. 3E). The peak facilita-
tion ratios in Lead+PW-Tau and Lead+PL-Tau groups were
evidently greater than that in Lead group (Lead+PW-Tau:
166.7 ± 8.5%, ISI = 40 ms, n = 9, p < 0.01; Lead+PL-Tau:
159.3 ± 7.5%, ISI = 40 ms, n = 9, p < 0.01), both statisti-
cally indistinguishable from that of Con group (p > 0.05).
In contrast, the peak facilitation ratio in Lead+WL-Tau
group remained as low as that in Lead group (Lead+WL-
Tau: 137.0 ± 8.3%, ISI = 40 ms, n = 10; Lead: 139.8 ±
9.7%, ISI = 40 ms, n = 8; p > 0.05) and differed signifi-
cantly from that of Con group (p < 0.01). Fig. 3C shows
the waveform change in each group. These results demon-
strate that taurine supplement from prenatal to life or
from prenatal to weaning protected against the lead-
induced deficits of short-term synaptic plasticity effec-
tively. Contrarily, when it was applied to lead-exposed
pups after weaning, taurine did not show such an effect.
Effect of taurine on LTP
In the experiments centered on P18–25 days, taurine
failed to reverse the impaired LTP in Lead group com-
pared with untreated group. To further determine to what
extent taurine could exert its protective action and to eval-
uate the periods important for the protection of LTP, we
followed up the lead-exposed young groups which had
received taurine supplements in different developmental
periods. Over the postnatal period of 60–75 days, LTP of
Con, Con+Tau, Lead, Lead+PW-Tau, Lead+WL-Tau and
Lead+PL-Tau groups were examined (Fig. 4B, C, D) and
the waveform alterations before and after LTP induction
in each group are shown in Fig. 4A.
As shown in Fig. 4B, the LTP amplitude in P60–75 Lead
group was significantly decreased relative to Con group
(Lead: 117.1 ± 4.7%, n = 8; Con: 134.0 ± 5.4%, n = 9, p <
0.01), indicating an apparent maternal lead-induced
impairment of fEPSP LTP in the adult hippocampal CA1
area. Consistent with the results in P18–25 groups (Fig.
2B), there was no significant difference in LTP amplitudes
between the control and control with taurine supplement
group (Con: 134.0 ± 5.4%, n = 9; Con+Tau: 131.0 ± 4.0%,
n = 8, p > 0.05; Fig. 4C).
As shown in Fig. 4D, the LTP amplitudes in the Lead+PW-
Tau, Lead+WL-Tau and Lead+PL-Tau groups were all sig-
nificantly increased versus Lead group (Lead: 117.1 ±
4.7%, n = 8; Lead+PW-Tau: 143.3 ± 8.2%, n = 8;
Lead+WL-Tau: 131.2 ± 5.3%, n = 10; Lead+PL-Tau: 133.9
± 5.2%, n = 8; p < 0.01), statistically indistinguishable
from that of Con group (n = 9; p > 0.05). Additionally, we
found that there were no significant differences in LTP
amplitudes among these lead-exposed groups with varied
treatments of taurine. These results indicate that taurine
protected the lead-exposed rats from LTP deficits inde-
pendent of administration time.
Discussion
According to previous animal studies, even very low level
of lead exposure through the mothers can be deleterious
to rat pups [2]. Several clinical studies also have demon-
strated that increased maternal blood lead level is signifi-
cantly associated with a decrease in subsequent
intelligence, attention and other brain functions in infants
and adolescents [25,26,29]. Therefore, it is proposed that
the fetal brain is extremely susceptible to lead toxicity
[28], suggesting the most need for protection during the
prenatal and lactation periods.
Recently, accumulated evidence suggests that the primary
effects of lead are mediated, in part, by its oxidative dam-
age to cell membranes [30]. Lead has been proved to
induce lipid peroxidation and degradation of phospholi-
pids with the loss of membrane integrity in lead-burdened
tissues [31,32]. In addition, lead causes damage to the pla-
centa and disrupts the structure of blood-brain barrier
(BBB) in young animals [33-35]. Therefore, it may be sup-
posed that lead-induced oxidative damage also contrib-
utes to tissue injury in the blood-placenta barrier (BPB),
which restricts drug and toxic import through the placenta
to the fetus [36]. The increased permeability will then
consequently facilitate the accumulation of lead to the
brain [35].
Our results reveal that taurine cumbers the accumulation
of lead in the brain and acts most effectively during the
prenatal and lactation periods. These suggest a possible
membrane-protective action of taurine, on either BBB orBMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
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The effects of taurine on LTP induction in P60–75 groups Figure 4
The effects of taurine on LTP induction in P60–75 groups. (A) Representative traces were recorded from P60–75 Con, 
Con+Tau, Lead, Lead+PW-Tau, Lead+WL-Tau and Lead+PL-Tau slices before (a) and 60 min after (b) HFS was applied. (B) 
The LTP amplitude in Lead group was significantly decreased relative to Con group (Lead: 117.1 ± 4.7%, n = 8; Con: 134.0 ± 
5.4%, n = 9, p < 0.01). (C) No significant difference in LTP induction was found between Con and Con+Tau groups (Con: 134.0 
± 5.4%, n = 9; Con+Tau: 131.0 ± 4.0%, n = 8, p > 0.05). (D) The LTP amplitudes in the Lead+PW-Tau, Lead+WL-Tau and 
Lead+PL-Tau groups were all significantly increased relative to the Lead group (Lead: 117.1 ± 4.7%, n = 8; Lead+PW-Tau:143.3 
± 8.2%, n = 8; Lead+WL-Tau: 131.2 ± 5.3%, n = 10; Lead+PL-Tau: 133.9 ± 5.2%, n = 8; p < 0.01), but were statistically indistin-
guishable from that of Con group (Con: 134.0 ± 5.4%, n = 9; p > 0.05). Moreover, there were no significant differences in LTP 
induction among three lead-exposed with taurine supplement groups (p > 0.05). (E) Histogram showing mean ± SEM percent-
age of fEPSP slope in 40–60 min normalized to the baseline response after HFS in six P60–75 groups. *p < 0.01, versus Lead 
group, respectively. **p < 0.01, compared with Con group. One-way ANOVA with the Bonferroni post hoc test were used for 
statistical analysis.BMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
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BPB, counteracting entry of lead into the fetal brain. This
idea has been supported by the findings that taurine rein-
forces BBB through intensifying the integration of mem-
brane [37-39] and that taurine intercalates into the cell
membrane, thereby stabilizing it [40]. Taurine also acts on
the permeability of cell membrane to the ions [40,41].
Furthermore, the antioxidant effect of taurine has been
involved in the protection against lead-induced oxidative
damage to the cell membrane. In both culture cells and
rats, lead-induced abnormal augment of lipid peroxida-
tion is found to be decreased following taurine supple-
mentation. The membrane susceptibility to lipid peroxide
formation therefore seems to decline [42]. Unfortunately,
the direct contribution of taurine in BPB protection lacks
solid evidence, whereas taurine uptake activity in syncyti-
otrophoblast cells might indicate some related functions
[36]. An alternative explanation for the membrane-pro-
tective effects of taurine has been proposed based on tau-
rine-zinc interactions which are closely related to
development of structures such as the hippocampal for-
mation [43]. Taurine and zinc have been found to stabi-
lize the membrane and protect against lipid peroxidation
in the retina [44,45]. Moreover, a positive correlation of
zinc and taurine has already been observed in the hippoc-
ampus [43].
PPF, a short-term synaptic plasticity [46,47], has been
shown to be associated with increases in presynaptic Ca2+
levels and transmitter release [48-50]. In the past two dec-
ades, the residual calcium hypothesis [47] was used tradi-
tionally to explain PPF of central synaptic transmission
[51-54]. Ever since, the presynaptic residual Ca2+ as the
sole mechanism for PPF has been questioned [55,56].
Recently, many studies have agreed that a complete
understanding of the mechanisms of PPF should include
that the increases of transmitter release (induced by resid-
ual Ca2+) generate PPF and the responsivenesses of α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors (modified by postsynaptic Ca2+ and
Ca2+/calmodulin (CaM) signaling pathways) regulate PPF
magnitude [57-59]. Moreover, in CA1 neurons, the activ-
ities of CaM-KII and protein kinase C (PKC) are also
required in the PPF resulting from postsynaptic changes
[60,61]. In the present study, lead exposure significantly
decreased the PPF in CA1 area. This impairment may
attribute to several toxic effects of lead. First, lead blocks
voltage-dependent calcium channels and then reduces the
calcium influx [62]; second, lead changes Ca2+/CaM-
mediated neurotransmitter release [63]; and third, lead
can antagonize the activity of PKC at nanomolar concen-
trations [64].
In line with the experiments on postnatal lead-exposed
animals [22,65], our results suggest that prenatal and peri-
natal lead exposure impairs LTP induction. LTP, as a
measure of synaptic plasticity, is regarded as the neuronal
basis of learning and memory. In hippocampal CA1 area,
the induction of LTP could involve Ca2+ influx through
activated voltage-dependent Ca2+ channels that follows N-
methyl-D-aspartate (NMDA) receptor activation [66-69].
Furthermore, Ca2+ release from intracellular stores also
appears to be required to generate LTP [70,71]. Lead, the
recognized nerve poison, is known to disturb calcium
homeostasis by interfering with not only the extracellular
Ca2+ influx but also the Ca2+ release and uptake of intrac-
ellular calcium stores [72]. Lead-induced oxidative dam-
ages to critical biomolecules like lipids, proteins and DNA
have also been observed [73]. In addition, the lead-gluta-
matergic interactions have been proved by numerous elec-
trophysiological, biochemical and behavioral studies [74-
76].
When taurine was administrated to the lead-exposed ani-
mals in the present study, several mechanisms may be
involved in the protection against lead-induced deficits in
synaptic plasticity. First, as stated above, taurine seems to
have a promising antioxidant effect against oxidative
damages induced by lead [42]. In lead-poisoned rats, tau-
rine is able to increase glutathione level, reduce oxidative
stress and elevate the activity of superoxidate dismutase,
contributing to the protection of brain [30]; second, tau-
rine is a known regulator of calcium homeostasis. Under
pathologic conditions, such as ischemia and seizure, tau-
rine attenuates Ca2+ influx, and therefore counteracts the
elevation of intracellular Ca2+  concentration [77,78].
Additionally, taurine may directly act on the sarcoplasmic
reticulum and regulate Ca2+ release and uptake of intracel-
lular stores [79]; third, taurine potentiates presynaptic
NMDA receptors, consequently facilitating the excitability
of Schaffer-collateral fibres in rat hippocampal slices [80];
and finally, taurine is proposed to regulate the activity of
NMDA receptors by stimulating N-[1-(2-
thienyl)cyclohexyl]-piperidine (TCP) binding with phen-
cyclidine-binding (PCB) sites on the receptors [81].
Taurine, as we described earlier, has multiple functions in
the mammalian brain participating in volume regulation
[82], neuromodulation [83] and neural cell protection
[21], and it is also essential for neurodevelopment and
survival for neural cells [14,16]. Considering the complex
effects of this amino acid, it is hard for us to predict its
behaviors when taurine coexists with lead in immature
brains. In the present study, confusingly, we found the
behaviors of taurine were diverse between P18–25 and
P60–75 Lead+PW-Tau rats, which had received taurine
supplementations identically. Indeed, the protective role
of taurine manifested itself only in the older group. To
explain this discrepancy, one scenario we would like to
entertain is that when taurine and lead simultaneously
exist in the immature brain, its manipulations are com-BMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
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plex. Besides hampering the accumulation of lead in the
brain, taurine can exert various neuroprotective actions
simultaneously. On the other hand, taurine affects the
fetal brain from multiple aspects, including the interac-
tions with inhibitory amino acid neurotransmitter recep-
tors. It has been reported that taurine may act as
endogenous agonist at glycine receptors [84] and activates
γ-aminobutyric acid type A (GABAA) receptors in imma-
ture hippocampus [85]. Having been withdrawn from the
simultaneous exposure of taurine and lead, the grow-up
rats in the older group thus could recover their losses in
synaptic plasticity gradually. However, given that the
receptors changed dramatically during the development
in the rat hippocampus [86], the exact mechanism of tau-
rine in fetal brain is beyond certainty.
Definitely, taurine exposure from prenatal to life
depressed the PPF in the intact rats. However, cautions
needs to be exercised when interpreting this attenuation
as a decrease in presynaptic release probability, because
postsynaptic changes may also contribute to the alteration
in PPF [59]. Despite this problem, we speculate that an
indirect inhibitory effect of taurine in immature brains,
via its adverse interactions with GABAergic neurotrans-
mission at high concentrations [87], might partially
account for this change under basal conditions. This pos-
sibility, however, needs to be further assessed with more
specific procedures. In addition to this effect on PPF, other
negative effects at high taurine concentrations have also
been identified [88,89]. Therefore, even though taurine
acts protectively under various pathological conditions,
taken together, its negative influences may lead to an
assumption that application of excessive taurine to the
intact rats might be toxic.
On the other hand, it is noteworthy that the depression
happened to PPF occurred to neither LTP induction nor I/
O function under basal condition. This discrepancy might
be caused by a homeostasis mechanism regulated by tau-
rine. Taurine is a powerful regulator of calcium homeosta-
sis under conditions of low level of [Ca2+]i, as well as Ca2+
overload [90] and it may up-regulate the activity of
NMDA receptors [81]. It is now well established that, in
hippocampal CA1 area, the LTP induction at Schaffer-col-
lateral pathway is mainly due to the postsynaptic mecha-
nism depending on the activation of NMDA receptors and
an increase in postsynaptic Ca2+ concentration [91]. I/O
function, however, reflects not only the level of presynap-
tic neurotransmitter release but also the postsynaptic
receptor response. Hence, we hypothesize that taurine
may act positively at postsynaptic sites during synaptic
plasticity via enhancing Ca2+ concentration or receptor
response, thereby counteracting the inhibition of presyn-
aptic (or postsynaptic) neurotransmission. However, con-
sidering the limited understanding about the impact of
prolonged enhanced taurine levels on synaptic functions,
especially in immature brain, the mechanism of this dis-
crepancy remains to be elucidated.
Conclusion
In conclusion, taurine supplemented diet protects rats
against synaptic plasticity deficits following prenatal and
perinatal lead exposure. Most importantly, in this study,
taurine appears to have the most potent effect when it is
supplemented during the prenatal and lactation periods.
This suggests that prenatal and lactation periods are the
critical developmental periods for the protective action of
taurine. In developing countries, the pollution of lead
turns into a severe problem which emphasizes the proper
protection of taurine in the pregnant woman. Our data
also suggest the time window and dosage of taurine sup-




The experiments were conducted on the offspring of six
groups of pregnant Wistar rats (70–80 days of age, 120–
200 g): control (Con), control with taurine diet
(Con+Tau), lead exposure (Lead), and three groups of
lead exposure dams with taurine diet during different
developmental periods (Lead+PW-Tau, Lead+WL-Tau and
Lead+PL-Tau). In the former two groups, the pregnant
dams received either distilled water or water with 0.625%
taurine from gestational day 1, with their offspring
switched to the same tap water (Con) or solution
(Con+Tau) at weaning on postnatal day 21. The latter four
groups were lead exposed via administration of 0.2%
(1090 ppm) solution of lead acetate in distilled drinking
water to pregnant dams from gestational day 1 through
weaning on postnatal day 21. Thus, the offspring acquired
lead only through their mothers. Concomitantly, 0.625%
taurine [92] were applied to Lead+PW-Tau, Lead+WL-Tau
and Lead+PL-Tau groups through drinking water (20 ml
per day) from prenatal to weaning, from weaning to life,
and from prenatal to life respectively.
Depending on developmental stage, the dams in
Lead+PW-Tau and Lead+PL-Tau groups were divided into
two subgroups for extracellular recording in CA1 area of
hippocampus. One subgroup was tested at the age of
P18–25 days and the other at P60–75 days. The pups at
P18–25 days in Lead+PW-Tau and Lead+PL-Tau groups
were administrated with lead and taurine almost in the
same manner (dosage and exposition phase). Hence, the
data in P18–25 Lead+PL-Tau group are not presented. For
any given experimental measure, equal numbers of
females and males were recruited and no more than two
pups were sampled from the same litter. All the animals
were maintained on NIH-07 chow (Ziegler Bros., Gardn-BMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
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ers, PA) to ensure consistent levels of mineral intake (see
Table 3 for the treatment of each group).
Hippocampus lead determination
Hippocampal lead determinations were made in litterma-
tes of the animals utilized for electrophysiology on the
day that recordings were made. After decapitation, two
hippocampi were collected. Lead concentrations were
measured by a plasmaQuad3 plasma mass spectrograph
(VG Elemental, UK) after the tissues were digested with an
organic tissue solubilizer.
Slice preparations and drugs
Care of animals and experiments were conducted in
accordance with the National Institutes of Health Guide-
line for the Care and Use of Laboratory Animals. Efforts
were made to minimize the number of animals used.
P18–25 (40–50 g) and P60–75 (100–180 g) rats were
anaesthetized with anhydrous diethyl ether and killed by
decapitation. Then the brain was quickly removed and
immersed in ice-cold artificial cerebrospinal fluid (ACSF)
saturated with 95% O2/5% CO2 and containing 124.0
mM NaCl, 3.0 mM KCl, 1.25 mM KH2PO4, 26.0 mM
NaHCO3, 2.0 mM MgSO4, 2.5 mM CaCl2, and 10.0 mM
glucose. Hippocampus was isolated and cut into 400 µM
thick transversal slices by a manual chopper. Before
recording, the slices were placed in an interface holding
chamber where they were maintained in oxygenated ACSF
at room temperature (21–25°C). After at least 1 hour, a
slice was transferred to a submersion-type recording
chamber (BSCHT Medical Systems, USA), in which it was
superfused continuously with 30–32°C oxygenated ACSF
at the rate of 1 ml/min. Drugs used in the present experi-
ments were all purchased from Sigma-Aldrich, USA.
Recording
To obtain evoked synaptic responses in CA1 area, Schaffer
collateral-commissural fibers were stimulated with electri-
cal pulses (0.1–0.6 mA, 0.2 ms, 0.05 Hz), applied through
bipolar microelectrodes located in stratum radiatum.
Evoked extracellular field potentials (fEPSPs) were
recorded with low resistance glass micropipettes filled
with 2 M NaCl (resistance 1–2 MΩ). At the start of each
experiment, a full input-output (I/O) curve was con-
structed. The stimulus intensities that yielded 1/2 and 2/3
of the maximal response were selected for baseline meas-
urements. PPF was tested by applying two pulses at differ-
ent intervals of 10–150 ms. After recording stable baseline
fEPSP responses for 20 minutes, LTP was induced by a
high-frequency stimulation (HFS; 100 Hz for 1 sec). After
that, testing with single shocks was continued for at least
60 minutes. The amplitudes of LTP were calculated by
averaging the percentage of post-tetanus data in 40–60
minutes compared with pre-tetanus baseline data. The
PPF values were calculated as EPSP2/EPSP1.
Data analysis
Data were recorded using Igor Pro 4.05 software (Wave
Metrics, OR, USA) and analyzed with Origin 7.5 (Origin-
Lab, MA, USA). The time scale in each experiment was
converted to time from the onset of the HFS. Results were
expressed as means ± SEM, n represents the number of
animals that were sampled. One-way ANOVA was per-
formed to determine whether there were significant differ-
ences followed by Bonferroni test as post hoc analysis; p <
0.01 indicated a significant difference.
Abbreviations
ACSF, artificial cerebrospinal fluid; AMPA, α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid; BBB, blood-
brain barrier; BPB, blood-placenta barrier; CaM, Ca2+/
calmodulin; DG, dentate gyrus; fEPSP, field excitatory
postsynaptic potential; GABAA, γ-aminobutyric acid type
A; HFS, high frequency stimulus; I.C.V, intracerebroven-
tricular; I/O, input-output; ISIs, inter-stimulus intervals;
LTP, Long-term potentiation; NMDA, N-methyl-D-aspar-
tate; PKC, protein kinase C; PPF, paired-pulse facilitation.
Authors' contributions
SSY participated in the design of the study, carried out the
electrophysiological studies, the statistical analyses and
the redaction of the manuscript. MW and JTC participated
in the design of the study and the final version of the man-
uscript. XML and WHC participated in the hippocampus
lead measurements. HLW helped to prepare the experi-
mental animals. DYR coordinated the study, provided
critical review of the results and manuscript contents, and










Con+Tau Taurine P-W Taurine P-L
Lead Lead 
acetate
P-W Lead acetate P-W
Lead+PW-Tau Lead 
acetate
P-W Lead acetate P-W
Taurine P-W Taurine P-W




P-W Lead acetate P-W
Taurine P-W Taurine P-L
"P-W" represents "from prenatal to weaning"; "W-L" represents 
"from weaning to life"; "P-L" represents "from prenatal to life"; – a 
untreated with any drugs; – b will not be examined until postnatal day 
60–75.BMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
Page 11 of 12
(page number not for citation purposes)
acquired the funding for the research program. All authors
read and approved the final manuscript.
Acknowledgements
The authors express deep gratitude to Dr. Qing-Yi Wei for the English revi-
sion of the manuscript. This work was supported by the National Basic 
Research Program of China (No. 2002CB512907), the National Nature Sci-
ence Foundation of China (No. 30630057; 30670554; 30670662; 
30672290), Academia Sinica (No. KZCX3-SW-437), the China Postdoc-
toral Science Foundation (No. 20060400719), the K. C. Wong Education 
Foundation of Hong Kong and the Anhui Provincial Natural Science Foun-
dation (No. 050430801).
References
1. Bernard SM, McGeehin MA: Prevalence of blood lead levels >or=
5 micro g/dL among US children 1 to 5 years of age and soci-
oeconomic and demographic factors associated with blood of
lead levels 5 to 10 micro g/dL, Third National Health and
Nutrition Examination Survey, 1988-1994.  Pediatrics 2003,
112(6 Pt 1):1308-1313.
2. Canfield RL, Henderson CR Jr., Cory-Slechta DA, Cox C, Jusko TA,
Lanphear BP: Intellectual impairment in children with blood
lead concentrations below 10 microg per deciliter.  N Engl J
Med 2003, 348(16):1517-1526.
3. Nation JR, Gleaves DH: Low-level lead exposure and intelligence
in children.  Arch Clin Neuropsychol 2001, 16(4):375-388.
4. Needleman HL, Bellinger D: Studies of lead exposure and the
developing central nervous system: a reply to Kaufman.  Arch
Clin Neuropsychol 2001, 16(4):359-374.
5. Cory-Slechta DA: Relationships between lead-induced learning
impairments and changes in dopaminergic, cholinergic, and
glutamatergic neurotransmitter system functions.  Annu Rev
Pharmacol Toxicol 1995, 35:391-415.
6. Lasley SM, Gilbert ME: Glutamatergic components underlying
lead-induced impairments in hippocampal synaptic plasticity.
Neurotoxicology 2000, 21(6):1057-1068.
7. Gilbert ME, Mack CM: Chronic lead exposure accelerates decay
of long-term potentiation in rat dentate gyrus in vivo.  Brain
Res 1998, 789(1):139-149.
8. Gilbert ME, Mack CM, Lasley SM: Chronic developmental lead
exposure increases the threshold for long-term potentiation
in rat dentate gyrus in vivo.  Brain Res 1996, 736(1-2):118-124.
9. Gilbert ME, Mack CM, Lasley SM: Chronic developmental lead
exposure and hippocampal long-term potentiation: biphasic
dose-response relationship.  Neurotoxicology 1999, 20(1):71-82.
10. Gilbert ME, Mack CM, Lasley SM: The influence of developmental
period of lead exposure on long-term potentiation in the
adult rat dentate gyrus in vivo.  Neurotoxicology 1999, 20(1):57-69.
11. Ruan DY, Chen JT, Zhao C, Xu YZ, Wang M, Zhao WF: Impairment
of long-term potentiation and paired-pulse facilitation in rat
hippocampal dentate gyrus following developmental lead
exposure in vivo.  Brain Res 1998, 806(2):196-201.
12. Agrawal HC, Davison AN, Kaczmarek LK: Subcellular distribution
of taurine and cysteinesulphinate decarboxylase in develop-
ing rat brain.  Biochem J 1971, 122(5):759-763.
13. De Belleroche JS, Bradford HF: Amino acids in synaptic vesicles
from mammalian cerebral cortex: a reappraisal.  J Neurochem
1973, 21(2):441-451.
14. Huxtable RJ: Physiological actions of taurine.  Physiol Rev 1992,
72(1):101-163.
15. McBride WJ, Frederickson RC: Taurine as a possible inhibitory
transmitter in the cerebellum.  Fed Proc 1980, 39(9):2701-2705.
16. Sturman JA: Taurine in development.  Physiol Rev 1993,
73(1):119-147.
17. Fariello RG, Golden GT, Pisa M: Homotaurine (3 aminopro-
panesulfonic acid; 3APS) protects from the convulsant and
cytotoxic effect of systemically administered kainic acid.  Neu-
rology 1982, 32(3):241-245.
18. French ED, Vezzani A, Whetsell WO Jr., Schwarcz R: Anti-excito-
toxic actions of taurine in the rat hippocampus studied in vivo
and in vitro.  Adv Exp Med Biol 1986, 203:349-362.
19. Phillis JW, O'Regan MH: Characterization of modes of release of
amino acids in the ischemic/reperfused rat cerebral cortex.
Neurochem Int 2003, 43(4-5):461-467.
20. Saransaari P, Oja SS: Modulation of the ischemia-induced taurine
release by adenosine receptors in the developing and adult
mouse hippocampus.  Neuroscience 2000, 97(3):425-430.
21. Trenkner E: The role of taurine and glutamate during early
postnatal cerebellar development of normal and weaver
mutant mice.  Adv Exp Med Biol 1990, 268:239-244.
22. Zhu DM, Wang M, She JQ, Yu K, Ruan DY: Protection by a taurine
supplemented diet from lead-induced deficits of long-term
potentiation/depotentiation in dentate gyrus of rats in vivo.
Neuroscience 2005, 134(1):215-224.
23. Bellinger DC, Hu H, Kalaniti K, Thomas N, Rajan P, Sambandam S,
Ramaswamy P, Balakrishnan K: A pilot study of blood lead levels
and neurobehavioral function in children living in Chennai,
India.  Int J Occup Environ Health 2005, 11(2):138-143.
24. De Marco M, Halpern R, Barros HM: Early behavioral effects of
lead perinatal exposure in rat pups.  Toxicology 2005, 211(1-
2):49-58.
25. Ris MD, Dietrich KN, Succop PA, Berger OG, Bornschein RL: Early
exposure to lead and neuropsychological outcome in adoles-
cence.  J Int Neuropsychol Soc 2004, 10(2):261-270.
26. Schnaas L, Rothenberg SJ, Flores MF, Martinez S, Hernandez C, Osorio
E, Velasco SR, Perroni E: Reduced intellectual development in
children with prenatal lead exposure.  Environ Health Perspect
2006, 114(5):791-797.
27. Wasserman GA, Liu X, Popovac D, Factor-Litvak P, Kline J, Waternaux
C, LoIacono N, Graziano JH: The Yugoslavia Prospective Lead
Study: contributions of prenatal and postnatal lead exposure
to early intelligence.  Neurotoxicol Teratol 2000, 22(6):811-818.
28. Needleman HL, Gatsonis CA: Low-level lead exposure and the IQ
of children. A meta-analysis of modern studies.  Jama 1990,
263(5):673-678.
29. Wasserman GA, Musabegovic A, Liu X, Kline J, Factor-Litvak P,
Graziano JH: Lead exposure and motor functioning in 4(1/2)-
year-old children: the Yugoslavia prospective study.  J Pediatr
2000, 137(4):555-561.
30. Flora SJ, Pande M, Bhadauria S, Kannan GM: Combined administra-
tion of taurine and meso 2,3-dimercaptosuccinic acid in the
treatment of chronic lead intoxication in rats.  Hum Exp Toxicol
2004, 23(4):157-166.
31. Bressler J, Kim KA, Chakraborti T, Goldstein G: Molecular mecha-
nisms of lead neurotoxicity.  Neurochem Res 1999, 24(4):595-600.
32. Solliway BM, Schaffer A, Pratt H, Yannai S: Effects of exposure to
lead on selected biochemical and haematological variables.
Pharmacol Toxicol 1996, 78(1):18-22.
33. Kaur S: Lead and cadmium in maternal blood, umbilical cord
blood, amniotic fluid and placenta of cows and buffaloes after
foetal death (abortion) and after normal parturition.  Sci Total
Environ 1989, 79(3):287-290.
34. Struzynska L, Walski M, Gadamski R, Dabrowska-Bouta B, Rafalowska
U: Lead-induced abnormalities in blood-brain barrier perme-
ability in experimental chronic toxicity.  Mol Chem Neuropathol
1997, 31(3):207-224.
35. Wang Q, Luo W, Zheng W, Liu Y, Xu H, Zheng G, Dai Z, Zhang W,
Chen Y, Chen J: Iron supplement prevents lead-induced disrup-
tion of the blood-brain barrier during rat development.  Toxicol
Appl Pharmacol 2007, 219(1):33-41.
36. Kitano T, Iizasa H, Hwang IW, Hirose Y, Morita T, Maeda T,
Nakashima E: Conditionally immortalized syncytiotrophoblast
cell lines as new tools for study of the blood-placenta barrier.
Biol Pharm Bull 2004, 27(6):753-759.
37. Gebhart AM, Goldstein GW: Use of an in vitro system to study
the effects of lead on astrocyte-endothelial cell interactions:
a model for studying toxic injury to the blood-brain barrier.
Toxicol Appl Pharmacol 1988, 94(2):191-206.
38. Kerper LE, Hinkle PM: Lead uptake in brain capillary endothelial
cells: activation by calcium store depletion.  Toxicol Appl Pharma-
col 1997, 146(1):127-133.
39. Schaffer S, Takahashi K, Azuma J: Role of osmoregulation in the
actions of taurine.  Amino Acids 2000, 19(3-4):527-546.
40. Timbrell JA, Seabra V, Waterfield CJ: The in vivo and in vitro pro-
tective properties of taurine.  Gen Pharmacol 1995, 26(3):453-462.
41. Wright CE, Tallan HH, Lin YY, Gaull GE: Taurine: biological
update.  Annu Rev Biochem 1986, 55:427-453.
42. Gurer H, Ozgunes H, Saygin E, Ercal N: Antioxidant effect of tau-
rine against lead-induced oxidative stress.  Arch Environ Contam
Toxicol 2001, 41(4):397-402.
43. Lima L, Obregon F, Cubillos S, Fazzino F, Jaimes I: Taurine as a
micronutrient in development and regeneration of the cen-
tral nervous system.  Nutr Neurosci 2001, 4(6):439-443.
44. Pasantes-Morales H, Cruz C: Protective effect of taurine and zinc
on peroxidation-induced damage in photoreceptor outer seg-
ments.  J Neurosci Res 1984, 11(3):303-311.
45. Sturman JA, Wen GY, Wisniewski HM, Hayes KC: Histochemical
localization of zinc in the feline tapetum. Effect of taurine
depletion.  Histochemistry 1981, 72(3):341-350.BMC Developmental Biology 2007, 7:51 http://www.biomedcentral.com/1471-213X/7/51
Page 12 of 12
(page number not for citation purposes)
46. Magleby KL: Short-Term Changes in Synaptic Efficacy.  New
York , Wiley; 1987. 
47. Zucker RS: Short-term synaptic plasticity.  Annu Rev Neurosci
1989, 12:13-31.
48. Charlton MP, Smith SJ, Zucker RS: Role of presynaptic calcium
ions and channels in synaptic facilitation and depression at
the squid giant synapse.  J Physiol 1982, 323:173-193.
49. Katz B, Miledi R: The timing of calcium action during neu-
romuscular transmission.  J Physiol 1967, 189(3):535-544.
50. Llinas R, Steinberg IZ, Walton K: Relationship between presynap-
tic calcium current and postsynaptic potential in squid giant
synapse.  Biophys J 1981, 33(3):323-351.
51. Christie BR, Abraham WC: Differential regulation of paired-
pulse plasticity following LTP in the dentate gyrus.  Neuroreport
1994, 5(4):385-388.
52. Manabe T, Wyllie DJ, Perkel DJ, Nicoll RA: Modulation of synaptic
transmission and long-term potentiation: effects on paired
pulse facilitation and EPSC variance in the CA1 region of the
hippocampus.  J Neurophysiol 1993, 70(4):1451-1459.
53. Muller D, Lynch G: Evidence that changes in presynaptic cal-
cium currents are not responsible for long-term potentiation
in hippocampus.  Brain Res 1989, 479(2):290-299.
54. Schulz PE, Cook EP, Johnston D: Changes in paired-pulse facilita-
tion suggest presynaptic involvement in long-term potentia-
tion.  J Neurosci 1994, 14(9):5325-5337.
55. Blundon JA, Wright SN, Brodwick MS, Bittner GD: Residual free cal-
cium is not responsible for facilitation of neurotransmitter
release.  Proc Natl Acad Sci U S A 1993, 90(20):9388-9392.
56. Winslow JL, Duffy SN, Charlton MP: Homosynaptic facilitation of
transmitter release in crayfish is not affected by mobile cal-
cium chelators: implications for the residual ionized calcium
hypothesis from electrophysiological and computational
analyses.  J Neurophysiol 1994, 72(4):1769-1793.
57. Bagal AA, Kao JP, Tang CM, Thompson SM: Long-term potentia-
tion of exogenous glutamate responses at single dendritic
spines.  Proc Natl Acad Sci U S A 2005, 102(40):14434-14439.
58. Chapman PF, Frenguelli BG, Smith A, Chen CM, Silva AJ: The alpha-
Ca2+/calmodulin kinase II: a bidirectional modulator of pres-
ynaptic plasticity.  Neuron 1995, 14(3):591-597.
59. Moult PR, Gladding CM, Sanderson TM, Fitzjohn SM, Bashir ZI, Molnar
E, Collingridge GL: Tyrosine phosphatases regulate AMPA
receptor trafficking during metabotropic glutamate recep-
tor-mediated long-term depression.  J Neurosci 2006,
26(9):2544-2554.
60. Wang JH, Kelly PT: Postsynaptic injection of CA2+/CaM induces
synaptic potentiation requiring CaMKII and PKC activity.
Neuron 1995, 15(2):443-452.
61. Wang JH, Kelly PT: Regulation of synaptic facilitation by postsy-
naptic Ca2+/CaM pathways in hippocampal CA1 neurons.  J
Neurophysiol 1996, 76(1):276-286.
62. Moore CI, Browning MD, Rose GM: Hippocampal plasticity
induced by primed burst, but not long-term potentiation,
stimulation is impaired in area CA1 of aged Fischer 344 rats.
Hippocampus 1993, 3(1):57-66.
63. Gill KD, Gupta V, Sandhir R: Ca2+/calmodulin-mediated neuro-
transmitter release and neurobehavioural deficits following
lead exposure.  cell biochemistry and function 2003, 21:345-353.
64. Tomsig JL, Suszkiw JB: Multisite interactions between Pb2+ and
protein kinase C and its role in norepinephrine release from
bovine adrenal chromaffin cells.  J Neurochem 1995,
64(6):2667-2673.
65. Ruan DY, Yan KF, Ge SY, Xu YZ, Chen JT, Wang M: Effects of
chronic lead exposure on short-term and long-term depres-
sion in area CA1 of the rat hippocampus in vivo.  Chemosphere
2000, 41(1-2):165-171.
66. Aniksztejn L, Ben-Ari Y: Novel form of long-term potentiation
produced by a K+ channel blocker in the hippocampus.  Nature
1991, 349(6304):67-69.
67. Grover LM, Teyler TJ: Two components of long-term potentia-
tion induced by different patterns of afferent activation.
Nature 1990, 347(6292):477-479.
68. Kullmann DM, Perkel DJ, Manabe T, Nicoll RA: Ca2+ entry via post-
synaptic voltage-sensitive Ca2+ channels can transiently
potentiate excitatory synaptic transmission in the hippocam-
pus.  Neuron 1992, 9(6):1175-1183.
69. Malenka RC, Nicoll RA: NMDA-receptor-dependent synaptic
plasticity: multiple forms and mechanisms.  Trends Neurosci
1993, 16(12):521-527.
70. Behnisch T, Reymann KG: Thapsigargin blocks long-term poten-
tiation induced by weak, but not strong tetanisation in rat
hippocampal CA1 neurons.  Neurosci Lett 1995, 192(3):185-188.
71. Harvey J, Collingridge GL: Thapsigargin blocks the induction of
long-term potentiation in rat hippocampal slices.  Neurosci Lett
1992, 139(2):197-200.
72. Li XM, Gu Y, She JQ, Zhu DM, Niu ZD, Wang M, Chen JT, Sun LG,
Ruan DY: Lead inhibited N-methyl-D-aspartate receptor-inde-
pendent long-term potentiation involved ryanodine-sensitive
calcium stores in rat hippocampal area CA1.  Neuroscience 2006,
139(2):463-473.
73. Adonaylo VN, Oteiza PI: Lead intoxication: antioxidant defenses
and oxidative damage in rat brain.  Toxicology 1999, 135(2-
3):77-85.
74. Cory-Slechta DA, Garcia-Osuna M, Greenamyre JT: Lead-induced
changes in NMDA receptor complex binding: correlations
with learning accuracy and with sensitivity to learning impair-
ments caused by MK-801 and NMDA administration.  Behav
Brain Res 1997, 85(2):161-174.
75. Guilarte TR, Miceli RC, Jett DA: Biochemical evidence of an inter-
action of lead at the zinc allosteric sites of the NMDA recep-
tor complex: effects of neuronal development.  Neurotoxicology
1995, 16(1):63-71.
76. Ujihara H, Albuquerque EX: Developmental change of the inhibi-
tion by lead of NMDA-activated currents in cultured hippoc-
ampal neurons.  J Pharmacol Exp Ther 1992, 263(2):868-875.
77. Saransaari P, Oja SS: Enhanced taurine release in cell-damaging
conditions in the developing and ageing mouse hippocampus.
Neuroscience 1997, 79(3):847-854.
78. Schurr A, Tseng MT, West CA, Rigor BM: Taurine improves the
recovery of neuronal function following cerebral hypoxia: an
in vitro study.  Life Sci 1987, 40(21):2059-2066.
79. Steele DS, Smith GL, Miller DJ: The effects of taurine on Ca2+
uptake by the sarcoplasmic reticulum and Ca2+ sensitivity of
chemically skinned rat heart.  J Physiol 1990, 422:499-511.
80. Suarez LM, Solis JM: Taurine potentiates presynaptic NMDA
receptors in hippocampal Schaffer collateral axons.  Eur J Neu-
rosci 2006, 24(2):405-418.
81. Saransaari P, Oja SS: Phencyclidine-binding sites in mouse cere-
bral cortex during development and ageing: effects of inhibi-
tory amino acids.  Mech Ageing Dev 1993, 68(1-3):125-136.
82. Trachtman H, Barbour R, Sturman JA, Finberg L: Taurine and
osmoregulation: taurine is a cerebral osmoprotective mole-
cule in chronic hypernatremic dehydration.  Pediatr Res 1988,
23(1):35-39.
83. Saransaari P, Oja SS: Release of GABA and taurine from brain
slices.  Prog Neurobiol 1992, 38(5):455-482.
84. Mori M, Gahwiler BH, Gerber U: Beta-alanine and taurine as
endogenous agonists at glycine receptors in rat hippocampus
in vitro.  J Physiol 2002, 539(Pt 1):191-200.
85. Wu ZY, Xu TL: Taurine-evoked chloride current and its poten-
tiation by intracellular Ca2+ in immature rat hippocampal
CA1 neurons.  Amino Acids 2003, 24(1-2):155-161.
86. Jakowec MW, Fox AJ, Martin LJ, Kalb RG: Quantitative and quali-
tative changes in AMPA receptor expression during spinal
cord development.  Neuroscience 1995, 67(4):893-907.
87. Oja SS, Saransaari P: Taurine as osmoregulator and neuromod-
ulator in the brain.  Metab Brain Dis 1996, 11(2):153-164.
88. Malcangio M, Bartolini A, Ghelardini C, Bennardini F, Malmberg-Aiello
P, Franconi F, Giotti A: Effect of ICV taurine on the impairment
of learning, convulsions and death caused by hypoxia.  Psychop-
harmacology (Berl) 1989, 98(3):316-320.
89. Trenkner E, Sturman JA: The role of taurine in the survival and
function of cerebellar cells in cultures of early postnatal cat.
Int J Dev Neurosci 1991, 9(1):77-88.
90. Satoh H, Sperelakis N: Review of some actions of taurine on ion
channels of cardiac muscle cells and others.  Gen Pharmacol
1998, 30(4):451-463.
91. Bliss TV, Collingridge GL: A synaptic model of memory: long-
term potentiation in the hippocampus.  Nature 1993,
361(6407):31-39.
92. Huxtable RJ: Guanidinoethane sulfonate and the disposition of
dietary taurine in the rat.  J Nutr 1982, 112(12):2293-2300.